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Lithium-ion capacitors using carbide-derived carbon as the positive electrode -A comparison of cells with graphite and Li 4 Ti 5 O 12 as the negative electrode 1. Introduction
Electrochemical double-layer capacitors (EDLCs) are one of the most promising power storage technologies at the moment. They store energy through charge separation and the formation of an electrical double layer at the interface between a high surface area carbon electrode and the electrolyte solution. Since there is no charge transfer through the electrode-electrolyte interface, the charge storage mechanism is fast, and thus high power devices can be produced. However, the major drawback of present-day EDLCs is their relatively low specific energy (around 5 Wh kg −1 )
compared to rechargeable batteries Wh kg −1 ). [1] [2] [3] The amount of energy stored in an EDLC is proportional to the capacitance, C, and the square of the operating voltage, U 2 , according to equation E = (1/2)CU 2 . Thus, one approach to increase the energy density is to maximize the charge storage capability of the capacitive electrodes of the EDLC, typically made of activated carbons. [1] In recent years, nanoporous carbide-derived carbons (CDCs) [4] have gained more attention, especially as promising electrode materials in energy storage applications [5] . The uniqueness of CDC materials lies in the narrow pore size distribution, which can be controlled during the carbon manufacturing process [6] . Therefore, the pores of CDC are easily adopted to match the size of the electrolyte ions and to achieve the most effective usage of the carbon surface for adsorbing the electrical charges from the electrolyte. For example, in common organic electrolytes (e.g., NR4 + BF4 − in non-aqueous solvent), the nanoporous CDC with a pore size of ~0.8 nm has revealed an excellent capacity of both, cations (NR4 + ) and anions (BF4 − ), providing a capacitance of as high as 81 F cm −3 and 93 F cm −3 at negative and positive potential values, respectively [7] .
Another effective approach to increase the energy density is to increase the operating voltage of the EDLC. One method to do this is by replacing the organic electrolyte with an ionic liquid which has a wider electrochemical stability window. However, ionic liquids in energy storage applications suffer from low conductivity at room temperature, high viscosity and high price. [1] Another method is via replacing one of the capacitive carbon electrodes with a 'battery-like' faradaic electrode to form an asymmetric hybrid supercapacitor. If the faradaic electrode is composed of a lithium intercalation material, the asymmetric cell is called a lithium-ion capacitor (LIC). During the charging/discharging of a LIC, two distinct energy storage mechanisms take place: the adsorption/desorption of ions in the electrical double layer on the surface of the capacitive electrode and insertion/extraction of lithium ions within the bulk of the battery-like electrode.
Amatucci et al. in 2001 [8] were among the first to report on the development of a prototype LIC.
Their cell utilized a lithium titanate (Li4Ti5O12, LTO) negative electrode combined with an activated carbon positive electrode. It exhibited a packaged gravimetric energy density of 11 Wh kg −1 [9] which corresponded to a three to five times increase compared to conventional EDLCs at the time.
Since then, LTO has become one of the most frequently reported negative electrode materials for LICs in the literature [10] [11] [12] [13] [14] [15] [16] [17] . One of the benefits of using LTO as the negative electrode is its negligible volume change during lithium insertion/extraction, enabling a long cycle life for the LIC.
In addition, the lithium-insertion voltage of LTO (1.55 V vs. Li/Li + ) is relatively high and inside the stability window of commonly used organic electrolytes, which indicates that no passivating solid electrolyte interface (SEI) layer is formed on the surface of LTO. [18] This is beneficial for a LIC, since a resistive SEI layer could limit the power performance of the device. Furthermore, the choice of the electrolyte is not limited by its SEI-forming ability, and electrolytes with high conductivities can be used. The drawback of the high operating potential of LTO, however, is that the maximum cell voltage of the LIC will remain rather low, around 2.8 V. [9, 16] Another popular choice for the negative electrode has been carbonaceous materials either in graphitic form or as hard or soft carbons [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . They provide cell voltages as high as 3.8-4.0 V (vs. activated carbon) [16] and thus a higher specific energy compared to LTO. Moreover, graphite is a traditional negative electrode material in lithium-ion batteries, which makes it a natural choice for the negative electrode of the LIC as well. For example, Khomenko et al. [20] prepared a LIC using a natural graphite negative electrode combined with an activated carbon positive electrode and obtained a specific energy of over 100 Wh kg −1 (the value is given per masses of the electrodes and corresponds to a packaged gravimetric energy density of roughly 30-40 Wh kg −1 , depending on the packaging [32, 33] ). A disadvantage of using graphite as the negative electrode is that its operating potential lies outside of the stability window of the common organic electrolytes, and consequently, SEI-layer formation will occur on its surface.
To compensate for the loss of lithium ions from the electrolyte due to SEI-layer growth, graphite electrodes should be prelithiated prior to the use as the negative electrode in a LIC. Several studies have reported various ways to prelithiate the carbonaceous negative electrode to the desired state of charge (SOC). These methods include, for example, utilizing an auxiliary metallic lithium electrode assembled as the third electrode in the cell [19, 21] or applying stabilized lithium-metal powder directly on the surface of the negative electrode prior to cell assembly [25] [26] [27] . By prelithiating the graphite electrode, its operating potential can also be controlled to the desired value at around 0.1 V vs. Li/Li + . While this low potential enables the higher specific energy of graphite-based LICs, it also introduces a risk of lithium plating when charging at high currents or at low temperatures, thus reducing the safety of the cells.
As the negative electrode of the LIC undergoes a faradaic intercalation reaction during the operation of the cell, its performance will be sluggish compared to the positive electrode with a capacitive energy storage mechanism. Therefore, the power performance of the LIC is limited by the kinetics of the lithium-intercalation reaction on the negative electrode. On the other hand, since the capacitive process on the positive electrode occurs only on the surface of the high surface area carbon (unlike the intercalation reaction which occurs in the bulk of the negative electrode), the capacity of the LIC is controlled by the positive electrode. [34, 35] Consequently, new materials with higher specific capacitance values to replace the commonly used activated carbons have been searched for. However, the investigations of positive electrode materials for LICs have been rather scarce to date. The studied materials reported in the literature include, for example, conducting polymers [11] , activated graphene [33, 36] , carbon nanotubes [37] and composite materials combining both capacitive and faradaic materials in one electrode [14] .
In this work, we propose the use of nanoporous CDC as the positive electrode for LICs. The performance of the material is studied by combining the CDC in LIC cells with two traditional negative electrodes: graphite and LTO. The characteristics and performance of both cell chemistries are reported, and the effect of the negative electrode material on the operation and utilization of the CDC positive electrode is discussed. In the majority of the experiments, the LTO electrode is prelithiated similarly to the graphite electrode, but brief tests with non-prelithiated LTO electrode are performed as well, and the consequences of omitting the prelithiation step are discussed.
Experimental

Preparation of the nanoporous CDC
The nanoporous CDC was produced from titanium carbide powder by using the common chlorination method. For that, TiC powder (H.C. Starck, average particle size < 4µm, 25g) placed in a quartz-boat was reacted by a flow of chlorine gas (AGA, 2.8) in a horizontal quartz bed reactor at 900 °C. The by-product, TiCl4, was led away by the stream of the excess chlorine and neutralized by an alkaline solution. During heating and cooling, the reactor was flushed with a slow stream of argon. After complete removal of titanium from the carbide, the CDC was transferred to another quartz tube reactor and post-treated with hydrogen (AGA, 4.0) at 800 °C to deeply dechlorinate the CDC powder and to deactivate the dangling bonds remaining after the chlorination procedure. The CDC, with a final yield of 95% from theoretical, was characterized by using low-temperature N2 
Preparation of the electrodes
The CDC electrodes were produced from a mixture of 90 wt% CDC powder and 10 wt% polytetrafluoroethylene binder (PTFE, Aldrich, 60 wt% suspension in water), which was cold-rolled stepwise into the carbon film with a final thickness of 150 ± 5 µm. The average active material loading of the CDC electrodes was 10.5 mg cm −2 . An aluminum foil with a conductive carbon coating was used as the current collector for the free-standing electrodes. 
Test cell assembly
The calendared electrodes and the test cell parts were first dried at 100 °C under vacuum for at least (triethylmethylammonium tetrafluoroborate) in acetonitrile (AN). In these cells, an activated carbon quasi-reference electrode was used, since the acetonitrile electrolyte is not stable at the potential of a lithium-metal reference electrode [35, 38] .
Prelithiation and electrochemical measurements
All of the electrochemical tests were carried out at room temperature. Prelithiation of the negative electrodes was performed in the EL-CELL test cells in a two-electrode setup against a lithium-metal counter electrode. The cells were first charged and discharged once at a low current rate of 0.02C
(C-rate calculated based on the active material mass of the electrodes and the theoretical capacity of LTO, 175 mAh g −1 , and graphite, 372 mAh g −1 ) to determine the actual capacity of the electrodes which was then used for the precise adjustment of the SOC. The graphite electrodes were prelithiated to a SOC of 37.5 % and the LTO electrodes were prelithiated to 50.0 % SOC. After the adjustment of the SOC, the cells were carefully disassembled inside the argon-filled glove box, and the prelithiated negative electrodes were transferred to another test cell with fresh electrolyte and the CDC positive electrode. Charging and discharging experiments were conducted using a Maccor 4300 battery testing station. Cyclic voltammograms (CV) were recorded using a Metrohm Autolab potentiostat (PGSTAT302N). The voltage cut-off limits applied during the electrochemical measurements of the LICs are presented in Table 1 . The currents used during the cycling of the cells are presented in Table 2 where the current densities applied to the cells are presented together with the corresponding currents per active material mass on the positive electrode and the C-rates for the negative electrode. The balancing of the cells was done so that the active material loading of the CDC positive electrode was constant throughout the experiments, and the mass loading of the negative electrode was varied according to the material used. The specific energies were determined from the constant current cycling tests using the area under the discharge curve according to equation (1) ( 1) where I is the current, U is the cell voltage, td is the discharge time and mactive is the total amount of active material (CDC/LTO/graphite) in the positive and negative electrodes including the predoped lithium but excluding the masses of the cell casing, separator, current collectors, binder materials, conductive carbon and electrolyte. The mass of the predoped lithium was calculated from the halfcell charge-discharge data using Faraday's law. The integral refers to the area between the highest and lowest voltage values during discharge. [39] The capacitance of a LIC can be presented as a serial connection of the capacitances of the positive and negative electrodes as follows (2) According to eq. (2), the total capacitance of the LIC is controlled by the smaller of the two components. The capacitance of the faradaic electrode can be taken to be infinite compared to the capacitive electrode [34] . Thus, the measured capacitance of the LIC is here taken to represent the capacitance of the CDC positive electrode in the cell.
Accordingly, the specific capacitance, CSP, values for the CDC were calculated from the constant current discharge curves of the LICs using equation (3) ( 3) where mCDC,active is the mass of CDC in the positive electrode and dU/dt is the slope of the discharge curve in the range from 0.95Umax to 0.80Umax. Umax is the charge voltage cut-off limit as defined in Table 1 for the different cell types. This voltage range corresponded to the linear part of the discharge curves.
The specific capacity of the CDC material depends linearly on the specific capacitance and the applied voltage window (ΔU) and was calculated using equation (4) (4)
Results and Discussion
Determination of the usable voltage windows of the LICs
The energy density of a LIC depends on its operating voltage. Thus, to improve the energy density, the maximum voltage of the cell should be as high as possible. However, a high cell voltage may compromise the stability of the positive electrode-electrolyte interface. It has been shown that oxidative side reactions and anion intercalation may occur on the surface of even relatively low surface area carbons in organic lithium-containing electrolytes at potentials over 4.6 V vs. Li/Li + [40, 41] . In addition, it has been suggested by Zheng et al. [40] that increasing the surface area of the carbon could lower the onset potential of the oxidative side reactions due to an increased number of oxygen functional groups on the carbon surface. Hence, to estimate the maximum usable voltages of the LICs, the electrochemical stability window of the lithium-containing electrolyte in contact with high surface area carbon was studied.
A symmetric cell with activated carbon as both the positive and negative electrodes and 1 M LiPF6 in a mixture of carbonates as the electrolyte was assembled. A commercially available activated carbon powder was chosen for the pretesting due to a better availability compared to the CDC. A CV recorded in three-electrode configuration against an activated carbon quasi-reference electrode (AC QRE) is shown in Fig. 1 . For comparison, the CV of a cell with a more typical EDLC electrolyte, 1.8 M TEMA-BF4 in acetonitrile (AN) solvent, is also shown in Fig. 1 . The CVs with both electrolytes in Fig. 1 display a butterfly shape typical for capacitive materials. It can be seen that oxidative decomposition of the lithium-containing electrolyte starts to take place at potentials in the range of 1.0-1.2 V vs. AC QRE. In the negative end of the CVs, in turn, no significant electrolyte reduction is detected in the studied potential window. The products of the oxidation reaction could limit the access of the electrolyte to the carbon surface, thus reducing the specific capacitance and increasing the impedance of the cell [35] . Therefore, to prevent the oxidation of the 
LIC with prelithiated graphite as the negative electrode
Before assembling the LICs, the potential characteristics of the electrode materials were studied against lithium metal. The potential profile of the graphite electrode during a charge-discharge cycle at a rate of 0.02C is presented in Fig. 2 The charge balancing of the graphite/CDC cell was calculated using the measured specific capacity of the CDC and the theoretical capacity of graphite (372 mAh g −1 ). The specific capacitance of the CDC in the lithium-containing electrolyte was roughly 120 F g −1 (Fig. 3 ) which corresponds to a specific capacity of 33. Although using an excess of capacity at the graphite electrode decreases the gravimetric energy density of the device, it also improves the power performance which is limited by the kinetics of the graphite electrode, as stated in Section 1. Thus, using an excess of the graphite material in the LIC is necessary, as good power performance is essential for the technology. Moreover, other authors have ended up using a similar balancing of the electrodes after the optimization of the device performance [20] . Prior to assembling the LIC, the graphite electrode was prelithiated to a SOC corresponding to 37.5 % of the measured capacity of the electrode. At this prelithiation level, the graphite electrode operated in the potential plateau of the stage-3-stage-2 two-phase region at 22-50 % SOC during the cycling of the LIC (Fig. 2) . It has been shown by Sethuraman et al. [44, 45] that in this SOC range, the stress developed in the graphite material due to lithium intercalation and deintercalation is stable. Moreover, Zhang et al. [28] have studied the effect of the degree of prelithiation on the performance and stability of graphitized mesocarbon microbead/activated carbon LICs. They found that prelithiation levels corresponding to the graphite potential plateaus at 80 mV vs. Li/Li + (at SOC 50-100 %) and at 130 mV vs. Li/Li + (SOC 22-50 %) both yield LICs with high gravimetric energy and power densities as well as stable performance [28] . However, when the SOC range of the graphite electrode is limited inside the potential plateau at 130 mV vs. Li/Li + , there is also a wider safety window against lithium plating on the graphite surface. Thus, it was chosen for the graphitebased LIC in this study.
A graphite/CDC LIC was assembled and a lithium-metal reference electrode was placed in the cell to record the potentials of the positive and negative electrodes during cycling. A CV measured for the cell showed that the potential of the graphite electrode remained roughly constant inside the voltage plateau at 22-50 % SOC during the charging/discharging of the cell. Moreover, no considerable oxidation of the electrolyte took place on the CDC electrode when the cell voltage was limited to 4.0 V (Fig. S1 in the Supplementary data). Fig. 4a shows the cycling stability of the graphite/CDC cell at a current density of 2 mA cm −2 when cycled between 2.0 V and 4.0 V. The fluctuations seen in the specific energy and energy efficiency are caused by small variations in the room temperature. The cell performance was stable: it showed an energy retention of 98.0 % after 1000 charge-discharge cycles. A specific energy density of 65.5 Wh kg −1 was obtained at 2 mA cm −2 , and the energy efficiency was over 89.9 % throughout the cycling. Also, the coulombic efficiency remained above 99.7 % during the test. It should be noted here that the separator used in the three-electrode cell was quite thick, 1.55 mm, and therefore the voltage loss caused by the cell resistance was high during these measurements, leading to a lower specific energy. Measurements done using a thinner separator causing a lower cell resistance are reviewed in Section 3.5. could be caused by a lowering of the SOC of the electrode, which would indicate a loss of some of the preloaded lithium ions from the graphite structure. In spite of the 130 mV safety window, the graphite electrode potential was slightly negative during the charging step, which implies a possibility of lithium plating on the graphite surface. However, the decrease of the specific energy during cycling was very small, which suggested that the loss of cyclable lithium was not significant.
Moreover, during the disassembling of the cells after the measurements, no signs of metallic lithium deposits were observed on the surface of the graphite electrode. Thus, it is likely that the very slightly negative graphite electrode potential observed during the charging of the LIC could be caused by the iR-voltage loss of the thick 1.55 mm separator used in the tests. 
LIC with prelithiated LTO as the negative electrode
To overcome the problems of the high polarization of the graphite electrode and the possible lithium plating, LICs with LTO as the negative electrode were investigated as well. Nanosized LTO is known for its good power performance and long cycle life and is therefore an excellent candidate for the negative electrode of a LIC [8, 15, 47] . The potential profile of the LTO electrode as a function of the SOC is shown in Fig. 5 . As can be seen from the figure, the potential of the LTO electrode remains nearly constant at around 1.55 V vs. Li/Li + almost over the entire SOC range. A sloping potential behavior is seen only at SOCs near 0 % and 100 %. This potential behavior is typical for LTO, and it is usually considered to result from a two-phase reaction mechanism between the Li4Ti5O12 phase and lithiated Li7Ti5O12 phase [18, 48, 49] . Compared to graphite (Fig.   2 ), LTO shows less polarization, which implies that the voltage losses of the LIC could be reduced when LTO is used as the negative electrode in the cell. rather low compared to that of the graphite/CDC cell (65.5 Wh kg −1 ). The difference is mostly caused by the lower operating potential of the graphite electrode, leading to a higher cell voltage and a wider potential window utilizable at the positive electrode. However, the balancing of the cells also has an effect. The capacity ratio of the CDC electrode to the LTO electrode was not optimized in the experiments described above but rather it was chosen to be comparable to the charge balancing of the graphite/CDC LIC. Furthermore, when the LTO electrode was prelithiated, it was necessary to oversize its capacity with respect to the capacity of the CDC electrode in order to accommodate the predoped lithium ions in the LTO structure and still provide enough capacity for charging the LIC. If the prelithiation step is omitted, the active material loading of the LTO electrode can be lowered, and thus a higher specific energy is expected. Therefore, a brief series of experiments was conducted in which the use of LTO as the negative electrode without prelithiation was examined.
LIC with non-prelithiated LTO as the negative electrode
The prelithiation of the negative electrode can be a time consuming process. It also introduces an additional manufacturing step to the production of LICs, which compromises the cost effectiveness from the industrial point of view. Moreover, metallic lithium is difficult and dangerous to handle in large amounts during mass production. Thus, being able to produce LICs without the need to prelithiate the negative electrode would be beneficial. According to Naoi et al. [16] , the prelithiation of the LTO negative electrode is not necessary. Unlike with graphite, the consumption of lithium ions from the electrolyte is not a problem with LTO because it operates inside the electrolyte stability window. Moreover, as seen in Fig. 5 , the LTO potential reaches the desired value of 1.55 V vs. Li/Li + at a very low degree of lithiation, around 5 % SOC.
Thus, a brief series of measurements was made in which the prelithiation of the LTO electrode was omitted. This system was studied only in two-electrode configuration without a reference electrode.
With this setup, a thinner separator (0.26 mm) can be used, and thus it presents a more realistic system to study the characteristics of the LIC in real-life use. As there was no need to accommodate the predoped lithium ions in the LTO structure, the thickness of the LTO electrode was made Because the capacity delivered by the cell was very low at voltages below 1.7 V, the lower cut-off limit of the cell voltage was raised to 1.65 V. In the voltage window of 1.65-2.55 V and a current density of 4 mA cm −2 , the NPL-LTO/CDC cell showed a specific energy of 28.5 Wh kg −1 and the energy efficiency was over 92.3 % (Fig. 7a) . Due to the changing potential of the LTO electrode, which operates partly in the single-phase region, the lower cell cut-off voltage is reached before the full capacity of the CDC electrode is utilized. Thus, the capacity of the LIC is reduced compared to the prelithiated LTO/CDC cell. Therefore, the obtained specific energy of the NPL-LTO/CDC cell was not as high as expected based on the results from the tests with the prelithiated LTO/CDC cell. Fig. 7 , it should also be noted that the separator in the NPL-LTO/CDC cell was thinner, and thus the cell contained a smaller amount of electrolyte.
Comparison of the different LIC cell types
In order to be able to investigate the characteristics of the LICs in a more realistic system, the prelithiated LICs were also studied in the two-electrode setup with a thinner (0.26 mm) glass fiber separator. Moreover, this made the comparison of the prelithiated chemistries to the non-prelithiated one easier. The specific energies obtained in the two-electrode setup for the different cell types at current densities ranging from 0.4 mA cm −2 to 4 mA cm −2 are presented in Fig. 8a . The specific capacitances calculated for the CDC in the cells are presented in Fig. 8b The graphite/CDC cell gave the highest specific energy, delivering a maximum of 89 voltage window could be applied, the polarization of the negative electrode was higher, leading to a narrowing of the CDC potential range. This is seen as a lower CDC specific capacitance especially at higher currents. In the case of the NPL-LTO/CDC cell, in turn, the curving of the LTO potential profile at low SOCs causes a high potential swing on the negative electrode which narrows the potential window at the CDC electrode. Thus, the gain in specific energy due to the lower active material mass compared to the prelithiated LTO/CDC cell is modest. All in all, although omitting the prelithiation step is desirable from the manufacturing perspective, prelithiation does offer a noteworthy improvement in the electrochemical properties of the LTO/CDC cell. By preparing a prelithiated LTO/CDC LIC with a lower degree of prelithiation and a lower excess of LTO (in this study, the capacity of the CDC electrode corresponded to 20 % of the capacity of the prelithiated LTO electrode), the specific energy of the LTO/CDC cell could be improved. [33] .
They reported a specific capacitance of 266 F g −1 for chemically activated graphene in a LIC using graphite as the negative electrode. However, in their publication, long term cycling data was not provided to estimate the stability of the cells. [33] All in all, the performance of the CDC in the LICs in this study was promising; a stable performance was demonstrated and a good specific capacitance was obtained for the CDC material. Moreover, we believe that further improvement could be achieved by optimizing e.g. the balancing of the cells [50] , the electrolyte properties [35] and the porosity of the CDC [7] . The uniqueness of CDC materials is the narrow pore size distribution, which can be carefully controlled during the carbon manufacturing process. Thus, it could be possible to still improve the CDC performance by tailoring its properties to better match the lithium-containing electrolyte.
Conclusions
In this work, the use of CDC as the positive electrode material for LICs was investigated by On the other hand, the polarization of the graphite electrode during cycling was observed to be higher compared to LTO leading to higher voltage losses. Consequently, the CDC potential window is narrowed and the CDC capacity decreased at high currents. Prelithiated LTO provided the most stable negative electrode potential and the lowest voltage losses of the studied negative electrodes, thus enabling a more efficient utilization of the capacitance of the CDC electrode. However, the usable cell voltage window was narrower with LTO negative electrode when compared to graphite.
LTO offers a further advantage of being able to operate as the negative electrode of a LIC without predoping with lithium ions. Prelithiation adds another step to the manufacturing process of LICs and therefore increases the cost. When the prelithiation of the LTO electrode was omitted, the active material loading of the electrode could be decreased, which led to an expected increase in the specific energy of the cell. However, omitting the prelithiation caused the LTO electrode to operate partly outside of the two-phase region, where the potential of LTO is not constant during the cycling of the LIC. Accordingly, the potential range of the CDC electrode utilized during the cycling of the LIC was reduced, and the gain in specific energy was not as high as expected based on the decrease in active material mass.
The nanoporous CDC appeared as a promising candidate for the use as the positive electrode in
LICs. It showed a good performance with all of the studied negative electrode materials; a specific capacitance of 120 F g −1 in the lithium-containing electrolyte was demonstrated with good stability over 1000 charge-discharge cycles. Moreover, we believe that the performance of the systems studied here could be improved by optimizing the mass balancing of the electrodes as well as the electrolyte properties, such as salt concentration and the solvent. Also, the porosity of the CDC material could possibly be optimized further, as one of the advantages of CDC as an electrode material is its narrow pore size distribution which can be accurately controlled during the manufacturing process.
